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1. Introduction 
 
 
1.1. Analogue modelling 
 
1.1.1. Fundamentals  
 
Geological processes, such as the formation of mountain chains, the development of rift 
valleys and oceanic or continental basins etc. that happen slowly and over a long period of 
time, cannot be observed directly. Information from geophysical, petrological, geochemical 
and structural data is limited in space and time, and theories for tectonic driving mechanisms 
derived from these data often happen to be very speculative or unrealistic. Experimental 
techniques, such as analogue or numeric modelling can be a powerful tool to refine 
hypotheses about tectonic driving forces and to investigate natural processes by means of 
scale models in a laboratory. Yet it is not the aim of analogue modelling to reproduce, but to 
simplify nature and to test suggested theories from what is known about the natural example. 
This issue was summarized to the point by Hans Ramberg: “The significance of scale-
model work in tectonic studies lies in the fact that a correctly constructed dynamic scale 
model passes through an evolution which simulates exactly that of the original (the 
prototype), though on a more convenient geometric scale (smaller) and with a conveniently 
changed rate (faster).” (Ramberg, 1967) 
The first analogue models on field observations of folded strata in the Southern Uplands 
of Scotland were performed by Sir James Hall and were presented to the Royal Society of 
London in 1812. The striking results from his simple, but effective experiments supported the 
idea that the folds evolved due to ductile deformation horizontal compression of originally 
horizontal strata. Hall did not use scaled, but just qualitative geometries and materials, such as 
layers of soft cloth or clay in a box with movable ends; nevertheless his work included the 
main three phases that analogue modelling is based on up to the present day (Corti, 2003): 
 
1. Analysis of geological structures in nature and development of ideas and hypotheses 
for mechanisms that may have caused them. 
2. The building (with scaling of length, rheology and velocity) and running of the 
experiment. 
3. Interpretation of model results and comparison with the natural example in order to 
test their plausibility. 
 
Halls study was followed by several other experimental works, done by French, German, 
British etc. scientists during the second half of the nineteenth century and dealing mainly with 
compressional forces in orogenic fold and thrust belts. One of several modelling works of the 
early twentieth century is Hubbert´s application of the scale model theory to geological 
problems (Hubbert, 1937). It is the fundament for modern scaled analogue models. In the 
1960s Hans Ramberg introduced the centrifuge technique for processes in an enhanced 
gravity field, being able to model small scale (e.g. shear indicators of a few mm), as well as 
lithospheric scale structures (e.g. mantle convection over thousands of km). Ever since that 
time centrifuge models have build up one of the two categories experimental settings. The 
second category is made up by normal-gravity models, mostly used to simulate crustal 
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processes in the over ground terrestrial gravity field and build in pure shear and simple shear 
boxes. For extensional tectonics and basin modelling – just as it is the case in this work – 
normal-gravity models are run over basal plates of a certain shape, localizing the extensional 
deformation and causing a velocity discontinuity. It introduces inertial forces, which act on 
the overlying material (e.g. grains of sand) throughout the deformational process.  
Up to now, many tectonic laboratories have been installed at universities and oil 
companies all over the world, applying the advances of experimental tectonics to model 
seismological, structural, geodynamical and even geomorphic and erosional processes. X-ray 
tomography allows a real-time internal 3-D view of the models; laser scanners provide data to 
process DEMs (Digital Elevation Models) and to monitor the experiment’s surface. Finally, 
the linkage of analogue models, which can easily reproduce complex deformational settings, 
with numerical models (finite element computer models), that need simple geometries, but 
take into account temperature and complex rheologies, seems to be a major future trend. 
 
1.1.2. Scaling of models: Brittle and ductile behavior 
 
To make sure that an analogue model represents its natural prototype properly, it has to 
meet the following conditions (see also Corti, 2003; Weijermars and Schmeling, 1986): 
 
1. It has to be geometrically similar, i.e. the ratios of lengths and angles need to be 
constant. 
2. It has to be dynamically similar, i.e. the ratios of forces (gravitational, inertial, 
viscous, frictional forces) and stresses must be constant. 
3. With given geometrical and dynamical similarity, kinematical similarity can be 
ensured, i.e. the evolution of both model and natural item will be similar despite the 
different dimensions of size and time. 
4. The model also needs to be rheologically similar, i.e. the strain (or “flow”) curves of 
the modelling materials should have the same shapes and slopes as the natural rock 
material (see example in Fig. 1). 
 
 
 
Fig. 1 Flow curves for halite and 
different experimental materials. The 
bold grey line indicates a sand-silicon 
mixture used in experimental 
simulations of the lower crust. The 
flow curve of the material SGM36 is 
geometrically (and therefore also 
rheologically) similar to that of halite 
at room temperature (298°K), whereas 
the one of DC3179 is not. Similarity is 
achieved when deforming the latter 
material at higher temperatures (see 
blue and red curve). Modified graphic 
from  Corti, 2003, after Weijermars 
and Schmeling, 1986; Hailemariam 
and Mulugeta, 1998) 
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In that way, the boundary conditions and the force field have to be properly scaled, 
whether a fully brittle or a combined, brittle-ductile model is to be build. The flow behaviour 
of such materials is generally outlined through the equations shown below. After Byerlee 
(1978), brittle deformation of crustal rocks can be described with the Mohr-Coulomb law: 
 
Cτ μσ= + , with tanμ = Φ  
 
with  
τ – shear stress 
C – cohesion 
μ – coefficient of internal friction 
σ – normal stress 
Φ – angle of internal friction. 
 
The data obtained by Byerlee from rock deformation experiments fit a Mohr-Coulomb 
criterion with the following constants: 
 
C = 0 MPa 
µ = 0.85 for the shallow crust (< 10 km) – compare with Vienna Basin, max. 
detachment depth ca. 12 km)  
 
C = 60 MPa  
µ = 0.6  for the deeper crust (> 10 km) 
 
The following conclusions are drawn and summarized from the Mohr-Coulomb criterion 
and Byerlee´s work: 
 
- The differential stress increases with depth in a linear way for brittle rocks (Fig. 3). 
- It is “time-independent”, that is – independent of the strain rate. 
- Φ ~ 31° for most crustal rocks. 
- C ~ 50 MPa for natural rocks. 
 
These conditions, as well as a manageable length ratio between model and prototype of 
510− to 610−  have to be considered when choosing a suitable material for brittle models. The 
requirements are met best by dry quartz sand with a mean density of ρ = 1550 kg/m³, a 
cohesion that is nearby 0 and a coefficient of internal friction of µ = 0.58, i.e. an angle of 
internal friction Φ = 30° (after Smit, 2005). Dry sand was also used for the experiments 
described in this work (see chapter 3.1). 
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Combining the equation  
gzσ ρ=  
 
for the vertical normal stress in the brittle layer with further equations, obtainable from the 
Mohr circle, it can be deduced that the maximum differential stress that leads to failure, is  
 
1 3
2
3
gzσ σ ρ− =  
 
in case of  extension (σ = σ1) and  
 
1 3 gzσ σ ρ− =   
 
in case of strike-slip deformation (σ = σ2) with 
 
σ – vertical normal stress in the brittle layer 
σ1,2,3 – principal stresses 
ρ – density of sand 
g – gravity acceleration 
z – thickness of the sand layer 
 
(all after Smit, 2005). 
 
According to these equations, and further using the density for dry sand mentioned above, 
a differential stress σ1 – σ3 ~ 0.01 MPa for extension and σ1 – σ3 ~ 0.015 MPa for strike-slip 
deformation – fact very low stresses – can be calculated for a 10 cm thick sand layer. That 
stress is respectively even less, if calculated for a thickness of 6 cm for the sand pack – as it is 
used in this work. 
 
Ductile flow is best described by the power-law equation (e.g. Goetze and Evans, 1979): 
 
0 1 3exp( / )( )
na Q RTε σ σ= − −i  
 
with 
εi  – strain rate (or “deformation velocity”) [s-1] 
a0 – frequency factor [Pa-n s-1] 
Q – activation energy [kJ mol-1] 
R – gas constant [8.13 kJ mol-1 °K-1] 
T – temperature [°K] 
(σ1 – σ3) – critical stress difference [Pa] 
n – stress exponent/ or stress sensitivity of strain rate (n = 1 to 5) 
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Fig. 2 Newtonian, power-law and Bingham 
(unusual in solid rocks) flow behaviour 
(Modified graphic from  Corti, 2003). 
 
 
Fig. 3 Strength profile for the natural lithosphere and 
experimental strength profiles for different strain rates (from 
Smit, 2005). 
 
The power law describes ductile deformation as a process, dependent on temperature. 
Further – as is evident from the variable εi  that designates a quantity, differentiated with 
respect to time – ductile processes are time-dependent, that is: dependent on the strain rate 
(or, in other words: “deformation velocity”) they run at. The material constants a0, Q and n in 
the equation are only weakly dependent on temperature and pressure. Natural rocks, e.g. in 
the ductile lower crust have stress exponents of n ~ 1, whereas the ductile mantle has higher 
stress exponents of about from 1 to 4 (after Smit, 2005). Nevertheless, in laboratory 
experiments we are restricted to nearly Newtonian (i.e. materials that suffice a linear relation 
of stress to strain rate, see Fig. 2 and Fig. 3) silicon putties with n ~ 1. They are often used to 
simulate deformation processes that usually take place at higher lithospheric depths, higher 
temperatures and at a slower time scale (around 10-15 s-1). In other words, the shape of the 
flow curves of natural rocks and model materials should be similar (Fig. 1), so that dynamic 
and rheological similarity (Weijermars and Schmeling; 1986 Corti, 2003) is maintained when 
modelling ductile flow. In order to obtain usable results in the lab, a “fast” (10-1 to 10-3 s-1) 
deformation rate ε should be fixed (e.g. by deforming the experiment with an electronical 
machine).  
 
 
1.1.3. Former works on pull-apart basins  
 
Existing analogue models of pull-apart basins have tested the influence of 
 
• different sidestep geometries (Dooley and McClay, 1997), 
• the symmetry and ratio between velocities of moving blocks (Rahe et al. 1998), 
• the ratio between ductile base and model crust thickness 
(Sims et al., 1999; Basile and Brun, 1999), 
• the ratio between fault stepover and model thickness (Smit, 2005) and 
• transtension through oblique movement of the base plates (Wu et al., 2009) 
 
on the formation of basin models. 
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Dooley and McClay (1997) have shown variations within the typical “sigmoidal” to 
rhombic shape of pull-apart basins, produced by three different basement fault geometries. 
The dextral end-member experiments with 30° underlapping releasing sidestep, 90° releasing 
sidestep and 150° overlapping releasing sidestep (Fig. 4) between the principal displacement 
zones (PDZ), were sectioned vertically and horizontally to gain insight into the resulting fault 
architecture within the synkinematic basin infill. The underlapping releasing bends with an 
offset angle of 30° formed elongate rhomboidal grabens, the releasing sidesteps with a 90° 
offset angle produced shorter and more compact basin rhomboids, and finally the 150° 
overlapping offset angle produced box-like grabens with kinked sidewalls (Fig. 5). All pull-
apart basins evolved from narrow grabens to wider basins, and had oblique extensional 
sidewall faults and cross basin fault systems in common. In addition, the paper contains three-
dimensional topographic maps of the top of the pre-kinematic sand pack, generated from 
digitized vertical sections (Fig. 6) – an item that is also included in this work. The model 
basins have been compared to several natural basins, such as the Salina del Fraile Basin, 
Argentina, the Mesquite Basin, California, and the Dead Sea Basin etc. and have been 
interpreted in terms of seismicity and hydrocarbon potential.  
 
 
 
Fig. 4 Simplified plan views of baseplate geometries (from Dooley and McClay, 1997) 
 
 
 
Fig. 5 Interpreted plan views of the experiments with 30°, 90° and 150° sidestep in their final state (from Dooley 
and McClay, 1997) 
 
 
 
Fig. 6 Corresponding, interpreted vertical sections through the central part of the respective basins (from Dooley 
and McClay, 1997) 
 
 
In Rahe et al., 1998 the factors controlling the structural symmetry of the basin were 
investigated through analogue models with a similar setup as in the McClay paper described 
above. It was realized by the authors, that the symmetry of pull-apart basins depends on the 
degree of decoupling between brittle and ductile crust underneath two crustal blocks moving 
in opposite directions. To obtain such a setting, the (absolute) displacement rates between the 
crust on opposing sides of the strike-slip system were varied in these models, while the 
relative rates were maintained. In that way, models with one side of the detachment fixed with 
respect to the basement, formed asymmetric basins with the master fault on the mobile side. 
On the other hand, in models where the two crustal blocks were equally decoupled from the 
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basement, symmetrical pull-apart basins formed, defined by horst and graben structures (Fig. 
7). These issues were observed in the present work as well (see chapter 3.4.2 – Model 2, 
asymmetric and 3.4.5 – Model 5, symmetric). As in other works (including this work), certain 
properties of modelled basins, such as a normal-fault bounded graben between the main 
strike-slip zones, cross-basin strike-slip faults and localized relay ramps, were also 
recognized. The importance of fault segmentation within immature pull-apart basins or the 
linkage of main strike-slip zones by a cross-basin fault as factors that can possibly influence 
earthquake rupture is stressed in this paper. 
 
 
 
Fig. 7 Sections through analogue basin models (from Rahe et al. 1998) 
 
 
Results of fully brittle basins on one hand and asymmetric, brittle-ductile basin 
experiments on the other can be found in Sims et al., 1999. The authors have demonstrated 
how evolution and structural styles of pull-aparts are dramatically different, when the 
sediment load rides over a ductile horizon, and that the thickness of the ductile horizon is a 
predominant controlling factor on basin development. The models show further, how 
synthetic and antithetic strike-slip faults control basin geometries, while localized normal 
faulting and local oblique slip on faults accommodate basin subsidence. All model types are 
compared to natural examples. In the case of the physical model without putty substrate, a 
symmetrical basin with a central horst evolved (Fig. 8 c). Such a basin, with boundaries 
dominated by normal faults, suggested a detachment within or at the base of a non-ductile 
layer, analogous to Death Valley, California. A similar setting is found respectively at the 
base of the Vienna Basin, which is the reason why for most models in the present work, a 
non-ductile layer is presupposed. In Sims´ models, which have a thick (1 cm) silicon putty 
layer at the base, through-going R shears, flanked by sub-parallel strike-slip faults defined 
elongate and narrow basins. The center of basin asymmetry was placed on a through-going 
strike-slip fault. Isolated sub-basins were separated by “between-basin highs” from the main 
graben (Fig. 8 f). The onset of subsidence happened quite late in that model type. A thin (0.5 
cm) ductile layer resulted in asymmetric basins with sub-parallel R-shears. Sub-basins 
developed between closely spaced, parallel strike-slip shears and were separated by “within-
basin highs”. Strike-slip duplexes were bisected by strike-slip faults that divided the basin, 
whereas antithetic cross-basin faults created rotating duplexes. The center of asymmetry was 
placed along strike-slip transfer zones within the basin (Fig. 8 i). Subsidence began earlier 
than in models with a thicker ductile layer. In all of the ductile models mentioned above, 
basin asymmetry reversed along the strike of the basin. In these cases, with boundary faults 
dominated by strike-slip and oblique-slip movement, a basin formation over a ductile layer 
was indicated, similar to the Gulf of Elat (Aqaba) or Gulf of Paria (Venezuela and Trinidad). 
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Fig. 8 Simplified plan view interpretations of analogue models with different thicknesses of the ductile 
detachment (from Sims et al. 1999). 
 
 
In the doctoral thesis of Smit, 2005, factors influencing relatively narrow (less than 10 km 
width versus an average crustal thickness of 35 km) pull-apart basins that form above 
continental transform faults are studied. Based on the natural Dead Sea Basin, which is 150 
km long and 10-15 km narrow, two different parameters were identified as relevant for basin 
formation: crustal thickness vs. stepover width and brittle-ductile ratio. Five models, where 
these parameters were varied, were built in the laboratory, two of which were chosen for 
description in this excerpt (namely models with a detachment thickness of 0.5 cm). The 
experimental setup was very similar to the non-overlapping, 90° sidestep geometry of the 
basal plates (Fig. 5), with the western side of the model fixed and the other fault block 
moving in the opposite direction, found in Dooley and McClay, 1997. As in several other 
models, the brittle crust was represented by an 8 cm thick sand pack, whereas silicone putty 
with a high viscosity and density stood for the ductile lower crust. Models were deformed 
through an initial displacement of the basal plate at 0.5 cm/h. A basin with a stepover of 10 
cm became narrower through a longitudinal within-basin fault and was characterized by 
oblique normal faults outside the basin border (Fig. 10). The result of a pull-apart with a 
stepover of 5 cm, i.e. smaller than the overall model thickness, was less wide, more 
rectangular and more parallel to the direction of motion, with a very small amount of normal 
faulting (Fig. 9). The author states that in the latter model type, a major driving force is a 
significantly higher decoupling along a basal ductile layer than in models with a larger 
stepover, and that the flat basin was bound by two strike-slip faults over its full length. The 
subsidence of that narrow basin was limited, almost fully concentrated on the strike-slip 
faults, and shifted to the moving plate towards the end of the deformation. All of this was also 
evident from the respective vertical sections with spacing of 2.5 cm.  
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Fig. 9 Top view photographs and interpretations of 
analogue models with a small stepover of 5 cm after 
3.5 and 6.5 cm of displacement (from Smit 2005). 
 
 
Fig. 10 Top view photographs and interpretations of 
analogue models with a large stepover of 10 cm after 
3.0 and 6.5 cm of displacement (from Smit 2005). 
 
 
In Wu et al., 2009 the following pure strike-slip experimental setup is presented: Two 
moving plates with underlapping releasing stepovers are connected by a rubber membrane to 
maintain extension between them. The novelty of this setup is the introduction of 
transtension, achieved through placing the main vector of motion at an angle of 5° oblique to 
the principal displacement zones (Fig. 11). The authors refer to preceding 3-D elastic models 
by other authors (e.g. Ten Brink et al. 1996), who stated “… that a small component (5°) of 
transtension produces an area of subsidence 2–3 times wider at the surface compared to pure 
strike-slip”. Serial sections and 3D reconstructions of the “sandbox” models allowed 
analyzing of fault geometries and pull-apart basin evolution in space and time (Fig. 13). The 
transtensional pull-apart basins were wider that the pure strike-slip models and their basin 
margins were defined by the typical en-echelon extensional faults. In contrast to the strike-slip 
model, where a single, central depocenter formed, dual and opposing depocenters evolved in 
the transtensional model (Fig. 12). Furthermore, an initial narrow and asymmetric graben 
could be observed in transtension, and “cross-basin faults”, well-known from other works, 
formed earlier. A remarkable parallel between the structures in the present work and the 
cross-sections through the transtensional pull-aparts of Wu et al., 2009 are the concave 
extensional faults that become steeper upwards, which is caused by fault block collapse 
towards the interior of the basin. The authors have found a strong similarity between their 
models and the geometries of the natural Dead Sea fault system and the Vienna Basin, Austria 
– which is just the main topic of this thesis. 
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Fig. 11 Model setup after Wu et al., 2009: Strike-slip (a) versus transtensional (b) pull-apart basin (from Wu et 
al., 2009). 
 
  
 
Fig. 12 Plan view evolution of the pure strike-slip (left) and the transtensional pull-apart basin model (right) 
illustrated with fault interpretation and incremental basin subsidence calculated from differential laser scans. 
Baseplate geometry after 1.4 cm shown with dashed lines (from Wu et al., 2009). 
 
  
 
Fig. 13 3D visualisation of pull-apart basin model reconstructions. (a) Pure strike-slip model; and (b) 
transtensional model. The top surface is the top of the pre-kinematic sequence. (from Wu et al., 2009) 
 
 
All the model basins mentioned above are deformed over a flat detachment and do not 
account for the gravitational component induced by an inclined base. Therefore, introducing 
basement topography as a novelty, but yet building on the findings from previous 
experiments, the author of this work is attempting to find a setup that fits best the special 
situation in the Vienna Basin. 
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1.2. Geological setting and evolution of the Vienna Basin  
 
The Vienna Basin is considered a classical thin-skinned pull-apart basin (Fig. 14) with 
approximately rhombic shape. It was formed from the Early Badenian (c. 15 Ma) through the 
Middle to Late Miocene age and developed from a former “piggyback basin” (Sauer et al., 
1992). That “piggyback” or “wedgetop basin” evolved during the Early Miocene 
(Eggenburgian to Karpatian; see also Attachment 1 - stratigraphy) above the yet 
northwestward moving Alpine thrust sheets due to syntectonic sedimentation on top of these 
nappes (Hölzel et al., in press; Fig. 15).  
 
 
 
 
Fig. 14 Strongly simplified model of the thin-skinned Vienna pull-apart basin overlying an inclined detachment 
corresponiding to the Alpine-Carpathian floor thrust (after Royden, 1985) 
 
 
 
Fig. 15 Schematic section through the wedge top and pull-apart basin sequence (Beidinger et al., 2009b). 
 
The present day rhombic basin shape is controlled by NE-striking left-lateral strike-slip 
faults and several large NNE- to N-striking normal faults, such as the Leopoldsdorf 
(maximum vertical offset: 4.2 km;) and Steinberg fault (maximum vertical offset: 5.6 km; 
Wessely et al., 1993; Kröll and Wessely, 1993; Decker et al. 2005). These huge normal faults 
delimit the central part of the basin towards the NW. The strike-slip faults in the Southeast are 
part of the Miocene “Vienna Basin Transform Fault System” (VBTF), which extends from the 
Mur-Mürz Valley in the Eastern Alps to as far as the West Carpathians. In the Carpathians, 
NE-striking, thin-skinned thrusts are reactivated as wrench faults in the sinistral regime. 
Farther East, the wrench faults link up with NE-directed out-of-sequence thrusts in the Flysch 
Nappes (Decker et al., 1997; Decker et al., 1999). At the scale of the Alpine orogen, the 
VBTF is one of several sinistral and dextral faults that enabled NE-directed movement of the 
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“Styrian West Carpathian Crustal Wedge” during the Miocene (Fig. 16). This mechanism is 
referred to as Eastward (i.e. towards the Pannonian) lateral Extrusion (Ratschbacher et al. 
1991a and b; Decker and Peresson, 1996). At this scale the Vienna pull-apart basin developed 
at a releasing bend of the VBTF (compare Royden, 1985 and 1988). 
 
 
 
Fig. 16 Position of the Vienna Basin with major Miocene faults of the Alpine-Carpathian-Pannonian system 
(from Decker et al., 2005) 
 
Structural elements within the pull-apart that can be observed in structural maps and 
seismic sections are extensional strike-slip duplexes (Decker, 1996); en-echelon listric normal 
faults associated with large-scale rollover and W- to WNW-dipping growth strata. All faults 
are thought to root in the Alpine–Carpathian floor thrust (Royden, 1985).  Seismic cross 
sections across the NE-SW-striking sinistral faults show oblique normal faults defining 
negative flower structures, which merge into principal displacement zones (PDZs) at depth 
(Hinsch et al., 2005a and b). At the surface the flower structures show sinistral strike-slip 
faults, which are arranged in en-echelon patterns with relay ramps between individual faults 
(Beidinger et al., in press; Beidinger and Decker, submitted). Synthetic and antitethic normal 
faults separate the basin into local highs and grabens. The structures described above are the 
main driving forces for the rapid subsidence of the Miocene pull-apart basin.  
A change of the regional stress field from NW- directed compression to E-W-directed 
compression in the Late Miocene finally stopped pull-apart subsidence and led to basin 
inversion. Termination of the subduction zone in the Eastern Carpathians and a period of 
major surface uplift during the Pannonian can be named as reasons for that (Peresson and 
Decker, 1997).  
Renewed sinistral slip along the VBTF through the Quaternary and Holocene is indicated 
by moderate seismic activity associated with the fault (Gutdeutsch and Aric, 1988; Hinsch et 
al. 2005a, b and c), focal plane solutions and recent stress measurements (Decker and 
Burmester, 2008; Reinecker and Lenhardt, 1999). Finally, small local basins with a thick 
sedimentary infill, such as the Mitterndorf-, Lassee-, Breitenbrunn- and Aderklaa Basin also 
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indicate continouous activity and subsidence along the VBTF through the Quaternary (Decker 
et al., 2005). 
Hypocenter depths mostly well above 12 km (Reinecker and Lenhardt, 1999) and deep 
seismic sections (Tari, 1996) endorse the inference that the active faults are reactivated former 
Alpidic structures. The respective thin-skinned style of deformation and basin evolution are 
therefore believed to be limited to the brittle upper crust. The subsidence and thermal history 
of the pull-apart basin, characterized by low heat flow throughout its evolution up to the 
present (Horvath, 1988) are further indicators for deformation processes, restricted to the 
uppermost 10–12 km of the crust above the Alpine-Carpathian floor thrust. The latter is not a 
planar detachment surface, but has a rather peculiar topography with ramps and flats draping 
the underlying former passive continental margin (Wessely, 2006, p. 196; see also 
attachments in section 8.2 and chapter 2.1). The allochthonous untis below the Miocene 
sedimentary basin fill are made up by different sedimentary rocks (Flysch and Calcareous 
Alps) in the northern and central part of the basin, and crystalline rocks and Palaeozoic 
metasediments in southern part (Austroalpine basement units; see Wessely et al. 1993 and 
Fig. 17). Yet very little is known about the rheology below the basin floor, and whether there 
are lithologies such as shales, which could provide (pseudo-)ductile deformation at the 
detachment. 
 
 
 
Fig. 17 Basal Alpine units (map by Wessely et al. 1993) projected on a structural map of the Vienna Basin 
tertiary base (map by Kröll and Wessely, 1993). 
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2. Data basis and methodology  
 
2.1. Geological cross sections and 3D models 
 
In order to gain insight into the geometry and topography of the former Alpine floor 
thrust, which was reactivated in the Middle Miocene to become the basin detachment, several 
geological cross sections, all based on information from seismic and wells, were digitized and 
referenced. For the Austrian part of the Vienna Basin and the adjacent Alps west of it, seven 
sections from the volume on the geology of Lower Austria by Wessely, 2006 were chosen 
(see Attachment 2 to 9). For the Slovak part in the north, two sections from an article in the 
AAPG Memoir no. 84 on the Western Carpathians and their foreland by Picha et. al, 2006 
were used (Attachment 10 to 12). For this work, these geological sections were digitized and 
geo-referenced using coordinates of wells (well list provided by OMV, see Attachment 13) as 
reference points. These sections were not linear features, but were composed of segments 
with changing orientations at distinct boreholes. The segments were cut from the profiles and 
each segment was geocoded separately according to a procedure proposed by R. Hinsch (pers. 
comm.; Fig. 18).  
 
 
 
Fig. 18 Summary of 3D-modelling: Geological cross sections (sections A, B and 1-5 from Wessely 2006; 
sections D and E from Picha et al., 2006), modelled detachment surface (gray; by M. Hoprich), pre-Miocene 
floor of the pull-apart basin with fault heaves (rainbow-colored; 3D surface by R. Hinsch, based on structural 
map by Kröll and Wessely, 1993) and borders of Lower Austria and Vienna (light blue). 
 
The floor thrust of the Alpine-Carpatian allochthonous was then mapped at the base of the 
allochthonous Molasse, or respectively the base of the Flysch nappes above autochtonous 
units, using the referenced sections and 3D geomodelling software Gocad (Fig. 19).  
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Fig. 19 Illustration of the construction of the 3D detachment surface below the Vienna Basin (shaded in gray) 
from geo-referenced geological sections (sections A, B and 1-5 from Wessely 2006; sections D and E from Picha 
et al., 2006). Black isolines are isopachs drawn every 2000 m. No vertical exaggeration. 
 
These two-dimensional horizons were interpolated to obtain a TIN-(triangulated irregular 
network)-surface, whereon a smoothing algorithm was applied for the best result (Fig. 20).  
 
 
 
Fig. 20 Top view of detachment surface with clear S-shaped 
bending. 
 
 
Fig. 21 3D structural model of the base of 
the Miocene pull-apart basin (based on 
map by Kröll and Wessely, 1993). 
 
This 3D detachment surface, together with a structural 3D model of the base of the 
Miocene pull-apart basin (Fig. 21) shows how the curved shape of the Bohemian Massif 
apparently influences the large strike-slip faults in such a way, that they are offset by a large 
stepover (Fig. 22). The Vienna Basin is formed around the curved shape of the Bohemian 
Massif that can be regarded as the reason for the releasing bend and stepover of the large 
strike-slip faults. 
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Fig. 22 Alpine floorthrust (=detachment), base of the Miocene sedimentary basin (based on map by Kröll and 
Wessely, 1993) and referenced sections (sections from Wessely 2006 and Picha et al., 2006) 
 
It is also obvious, that the detachment surface is inclined (values measured in the 3D 
model vary between 5-10°), has a dip to the SE underneath the basin and follows the strike of 
the underlying European basement. Another significant realization from the 3D model is that 
the resulting décollement seems irregular, showing small “dome”-like areas and flats along its 
downward continuation. If interpolated and generalized by straight lines, these irregularities 
appear as a threefold ramp-flat system (Fig. 23). 
  
 
Fig. 23 Different views of the idealized ramp-shaped detachment together with the structural basin model (based 
on map by Kröll and Wessely, 1993). 
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2.2. Geometry data and calculations on lateral offset and 
sediment volumes 
 
The Vienna Basin is bordered by two left-stepping strike-slip faults, with a length of 
around 120 km each, which can also be named principal displacement zones (PDZ) due to 
their function as controlling factors for basin geometry and subsidence (Fig. 24, 1). They are 
segments of the large sinistral Vienna Basin Transform Fault (VBTF, see chapter 1.2). The 
southern sinistral fault stretches from the Mur-Mürz fault in Styria to the northern part of the 
Vienna Basin, and the northernmost fault terminates (and possibly splays) in the Carpathians. 
The approximation of 120 km for these faults addresses the respective parts of the faults that 
are responsible for subsidence and sedimentation in the basin itself. Again, these two sinistral 
fault segments form a sidestep of approximately 40 km (which can also be referred to as 
“basin width”; Fig. 24, 2). This left-stepping bend gives the basin its rhombic shape with 50° 
releasing sidestep (Fig. 24, 3). When measuring the 3D model of the (idealized) shape of the 
detachment surface, one realizes an inclination of 10° (Fig. 24, 4) with a resulting average 
detachment depth below the basin of 6 km, which is also the respective average model 
thickness for the sandbox models (Fig. 24, 5). Nevertheless, for the calculations shown below, 
a higher detachment depth of 8.7 km was estimated due to slight differences in terms of 
resolution between the digital 3D models and the analogue sections – whereon the calculation 
was based eventually. The “steps” or “ramps” (Fig. 23) within the real detachment surface 
were estimated with 4, 2 and 5 km from the lowermost to the uppermost. These numbers 
where finally adapted to suitable values for the laboratory experiments (see Tab 1 and Tab 2). 
 
 
 
Fig. 24 General measurements of the real Vienna Basin (detachment surface and structural 3D model based on 
map by Kröll and Wessely, 1993). 
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In analogy to the “shoebox geometry” for the duplex of the Mitterndorf Quaternary Basin 
presented in Decker et al. 2005, a very rough calculation was made for the total Miocene slip 
(lateral offset) of the Vienna Basin (strongly simplified “box” with a trapezoidal profile, Fig. 
25) as follows: 
 
 
      
 
Fig. 25 Pull-apart prior to deformation (left) and subsided basin (right) 
 
W0 basin width at surface 
Wd basin width at depth 
L1 present length of the basin  
L0 basin length prior to Miocene deformation 
ΔL basin lengthening (total Miocene slip/ lateral offset) 
D average detachment depth 
V0 basin volume prior to Miocene deformation 
V1 total basin volume after deformation = V0+ Vsed 
Vsed volume of Miocene sediments 
 
In order to obtain a value for Vsed, a closed surface was constructed from the pre-Miocene 
base of the Vienna Basin (Fig. 21), with a flat “lid” at sea level (z = 0) on top of it. 
Subsequently, the rock volume below (11.120 km³) and the small amount of material (1.675 
km³) above sea level were calculated with the Gocad software. W0, Wd and D were measured 
and averaged at several cross sections within the scaled 3D model of the Vienna Basin. Using 
these values plus the likewise measured present basin length (L1), the total basin volume was 
calculated by means of the following formula: 
 
0
0 0 2
dW WV L D+⎛ ⎞= ⎜ ⎟⎝ ⎠ . 
 
Taking the resulting value for V0 and stating further on that  
 
0 1 sedV V V= −  and 
 
0
1 1 2
dW WV L D+⎛ ⎞= ⎜ ⎟⎝ ⎠ , 
 
the basin length before deformation is: 
 
1
0
0
2( )
( )
sed
d
V VL
D W W
−= + . 
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The total slip throughout the Miocene age results thereafter from 
 
1 0L L L= −+ . 
 
The numeric values obtained from measurements of geological maps, sections and 3D 
models, as well as from the presented equations, are summarized in Tab 1 below. The 
calculated total displacement, however, is overestimated due to the fact that the calculation 
does not account for the distinction of the syntectonic pull-apart sediments from the strata of 
the Lower Miocene wedge top basin (see introduction on the geology of the Vienna Basin in 
chapter 1.2). These wedge top sediments account for 20 to 30 % of the Miocene basin fill. 
Exact values cannot be given at that stage of research. 
 
Shortcut Value Obtained through 
W0 40 km measurement
Wd  26 km measurement
L1 120 km measurement
L0 75 km calculation
D  8.7 km measurement
V0  21.657 km³ calculation
V1  34.452 km³ calculation
Vsed  12.795 km³ measurement
ΔL  45 km calculation
 
Tab 1 Summary of all values for slip calculation 
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3. Analogue experiments  
 
3.1. Methods and materials  
 
The Vienna Basin basal décollement, which is thought to be a weak zone of reactivated 
thrust faults and damaged rock material, was recreated through 1 mm thick, white PVC (= 
polyvinyl chloride) plastic sheets. They were cut in an edgy S-shape to create two sinistral 
strike-slip faults with a releasing fault stepover in between, which are typical for pull-apart 
basins (Fig. 26).  
 
 
 
Fig. 26 S-cut plastic sheets at the model base 
 
The plastic sheets, together with the overlying sand pack, were moved over a table 
smoothly coated with a thin plastic film (Fig. 27). In this manner they appear as a basal 
“velocity discontinuity” separating the two fault blocks. Depending on whether one plate is 
kept fixed and one moved or whether both plates are moved simultaneously, the final result is 
either an asymmetric or symmetric sedimentary basin (Fig. 28). 
 
 
 
Fig. 27 Pre-kinematic sand pack with trace of basal fault 
geometry 
 
 
Fig. 28 Post-kinematic appearance of the modelled 
tectonic basin 
 
As a basic material for the fully brittle models white and colored quartz sand with a grain 
size of 300 μ was used (see also scaling principles outlined in chapter 1.1.2). In all models 
white sand was carefully sieved into layers of around 1 cm and interbedded with thin layers of 
black sand that functioned as passive deformation markers. Altogether the white and black 
layers represent the pre-kinematic strata. Sand of different colors was also used as syntectonic 
sediment material, sieved into the model basin after each deformation increment. A thin blue 
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sand layer was sieved onto the pre-kinematic surface of the model to designate the basement 
top (Fig. 27 and Fig. 28). After reaching the finite extension state, each model was coated 
with a protective extra sand layer and dampened with tap water to increase cohesion between 
the sand grains and to allow cutting of the model. Cross sections through each model at a 
distance of 4 cm allow insights into the fault pattern at depth. Digital photographs of the 
model surface were taken after each 0.5 cm increment of extension. 
In model 9, the visco-elastic silicon material PDMS (polydimethylsiloxane) was used to 
simulate a ductile basal detachment (see also chapter 1.1.2: scaling principles). PDMS is a 
commercially available, physically and chemically stable silicone rubber with a shear elastic 
modulus of G = 250 kPa and a density of around 0,980 g/cm³. 
 
3.2. Setup and dimensions of analogue models 
 
A continuously numbered series of nine analogue experiments was run in order to test the 
influence of different initial conditions (varying stepover angle, symmetry, base inclination, 
detachment topography and rheology) on fault geometry, basin subsidence, depocenter 
development etc. By means of that well-controlled trial-and-error procedure, the basin 
geometry was successively adjusted to the natural conditions. The model dimensions were 80 
x 80 cm on average, and the thickness of the sand pack was 6 cm (scaled after Ramberg, 
1967, so that 1 km in the crust equals 1 cm in the models) for the models run over an even 
detachment. The length of the basal strike-slip faults was 35 cm each, and the distance 
between them was fixed with 40 cm for all setups. The maximum amount of extension 
applied on (almost) all models was 8 cm – the maximum Miocene slip (45 km, scaled to 45 
cm in the model) calculated from real data of the Vienna Basin (see chapter 2.2) could not be 
reached in the lab due to technical restrictions. The following outline and sketches give a 
more detailed description of the analogue models. 
 
 
Model Syntectonic sediments 
Stepover 
angle Detachment
Ramp 
thickness
Ramp 
angle 
Symmetrical 
basin? 
Amount 
of 
extension
1 no 50° flat x x no 8 cm 
2 yes 50° flat x x no 8 cm 
3 yes 40° flat x x no 8 cm 
4 yes 60° flat x x no 8 cm 
5 yes 50° flat x x yes 8 cm 
6 yes 50° inclined by 5° x x no 15 cm 
7 yes 50° 2 ramps 3-3 cm 8-13° no 8 cm 
8 yes 50° 3 ramps 2-1-3 cm 25-25-25° no 8 cm 
9 yes 50° 
3 ramps with 
0,4 cm 
PDMS-layer 
2-1-3 cm 25-25-25° no 8 cm 
 
Tab 2 Overview of model parameters. Bold characters indicate significant differences between the models. 
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Models 1-5 were all run over a flat detachment (Fig. 29), but yet they differ in terms of 
certain parameters (Tab 2): Model 1 was an “air-filled” reference basin with no syntectonic 
sand layers. The goal was to obtain pure tectonic subsidence, subtracting the gravity effect of 
the sediment load. In models 2-4 syntectonic sediments (colored sand layers) were sieved into 
the basin after each extension step of 0.5 cm. In these models the “standard” stepover angle, 
which was derived from the natural Vienna Basin (50°) was changed to 40° and to 60°. Since 
the distance between the two strike-slip master faults was kept the same for all models, the 
overall basin length was the greater, the lower the stepover angle was. The setup of model 5 
was basically the same as that of model 2, only that both fault blocks were moved in opposite 
directions at the same rate, until the final value of extension of 8 cm was reached.  
 
 
 
Fig. 29 Plan view of the general setup for all flat sandbox models (1-5) 
 
 
In model 6 the setup was again almost the same as that of model 2. The only difference 
was that the experimental table was heightened at one end, in order to simulate a detachment 
inclined by 5°. According to that, the initial sand pack was build as a wedge with a horizontal 
surface (Fig. 30). 
 
 
 
Fig. 30 Setup of model 6 
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In model 7 the inclined detachment was replaced by a ramp-flat system consisting of two 
plastic ramps with a height of 3 cm each and an inclination of 8° (lower ramp) and 13° (upper 
ramp). The basal plastic sheets were cut and draped according to the ramp-flat geometry. 
Again, an irregularly wedge-shaped sand pack with a horizontal top had to be built. Similarly, 
in model 8 the effect of a ramp-flat system was tested, only that 3 ramps with an angle of 25° 
each and heights of 2 cm (lowermost ramp), 1 cm (middle ramp) and 3 cm (uppermost ramp) 
were used (Fig. 31). 
 
 
 
Fig. 31 Setup of model 8 
 
 
In model 9, another 3-ramp-model, a 0.4 cm thick PDMS-layer  with a length of 74 cm 
(across the ramps) and a width of 60 cm (along strike of the ramps) was draped over the 
moving plastic sheets at the base (Fig. 32). Becoming time-dependent due to the visco-elastic 
putty material, i.e. showing different behaviour at different strain rates (see chapter 1.1.2), the 
model had to be run with a machine at a deformation speed of 1 cm/ h (f=10 Hz). Thus, the 
final state of the experiment (8 cm of extension) was reached after little more than 8 hours. 
 
 
 
Fig. 32 Setup of model 9 
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3.3. 3D imaging of analogue experiments 
 
Digital photographs of the top views and cross sections described in chapter 3.4 were put 
in an x-y-z grid and imported into Gocad in their real position. The basin base and different 
other horizons were mapped in these referenced (miniature) cross sections and interpolated 
(Fig. 33). 
 
   
 
Fig. 33 Mapped and interpolated horizon (basin floor) with cross sections 
 
The contoured depths of growth strata and horizon tops, shown in (Fig. 38 to 43), are one 
example for an application of these surfaces, calculated from the referenced miniature models. 
Especially for the final state of the deformed top basement, TIN-surfaces were constructed 
from referenced sections through the analogue basin models. Different structures, such as 
depocenters, can be visualized and identified through shading or depth isolines in these 3D 
surfaces of the basement (Fig. 34). 
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Model 4 
 
Model 5 
  
 
Model 7 
 
Model 8 
 
 
Model 9 
 
Fig. 34 3D surfaces of the basin floor for different models, constructed from cross sections 
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3.4. Presentation and contrasting of modelling results: top 
views and cross sections 
 
In this chapter, top view pictures showing the evolution of each model throughout the 
deformation and cross sections through the centre of the basin are presented. In general, the 
basin shape was controlled by two main strike-slip faults (principal displacement zones – 
PDZs), en-echelon normal faults with a Riedel-(R)-type geometry and master normal faults, 
which formed the basin boundaries. The en-echelon normal faults within the basin were 
linked by relay ramps. It is important to note that these shears and ramps formed within the 
fixed fault block in all asymmetric model basins (except the ductile model no. 9). In the 
symmetrical model 5, respectively, faults and ramps developed on both fault blocks. In all 
models right-stepping en-echelon geometries were observed, which are compatible with the 
left-lateral model setup. 
In all “asymmetric” models (i.e. all, except models 6 and 9), each new set of en-echelon 
normal faults evolved towards the centre of the basin. In subsequent stages of the basin 
evolution, normal faults were abandoned and buried by the syn-kinematic infill, and newly 
activated faults formed successively towards the direction of extension, propagating upwards. 
 
 
 
 
Tab 3 Measured angles (all values are in [°]) for different structures in analogue models 
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3.4.1. Model 1 
 
For model 1 (Fig. 35), a purely tectonic setup (i.e. without syntectonic sediments) on a flat 
detachment, well known from literature (see chapter 1.1.3), was chosen. This pull-apart basin 
type, forming above a stepover of 50° between two zones of principal (left lateral) 
displacement (PDZ) in the basal plates, was studied here as a reference framework to be 
compared with other setups. During the initial strike-slip increment (ca. 0.5 cm), sinistral en-
echelon faults propagated at an average strike of 20° to the trace of the PDZ in the basement. 
After 1 cm of displacement, connecting faults that strike parallel to the underlying PDZ and 
even small strike-slip duplexes (after 1.5 cm of displacement) formed in between these 
sinistral shears.  
The basin between the PDZs was made up of a central graben, initially defined by faults, 
interrupted by relay ramps on both of its sides (after 0.5-1 cm). The average angle between 
these oblique normal faults and the PDZ was 65°. After 1.5 cm of displacement, the faults 
linked up, breaching the relay ramps. Straight, terraced normal faults above the non-moving 
block and a single, wide fault above the moving fault block (see structural interpretation 
inFig. 35 after 4 and 8 cm of extension) evolved. A wide, lazy S-shaped, “air-filled” basin 
resulted in the final state of deformation. 
 
3.4.2. Model 2 
 
Model 2 (Fig. 36) is set up in the same way as model 1, only that syntectonic sediments, 
that is, strata of colored quartz sand were sieved onto the model surface after each 
deformation increment. The sand infill was added to test the influence of “sediment load” on a 
model as the one described before. With an underlapping stepover angle of 50° and 
sedimentation, the setup was aimed to get one step closer to the natural basin (see chapter 
2.2). There were less R-shears above the PDZ 1 than in the reference model 1. Strike-slip 
faults forming above PDZ 2 were nearly concordant to the main direction of motion.  
Again, en-echelon normal faults, connected by relay ramps formed the border of the basin 
after 0.5 cm. En-echelon faults and relay ramps were more numerous and followed a different 
pattern than the faults of the first model. The average angle between the en-echelon faults and 
the PDZs was 54°, i.e., significantly less than in model 1 (no syntectonic sediments), where 
the faults included 65° with the PDZs. From 1.5 cm displacement on, through the following 
stages of strike-slip displacement, inactive faults were buried by the syn-kinematic infill and 
only active faults that evolved successively towards the direction of extension, propagated 
upwards.  
The cross section through the central part of the basin (Fig. 44) shows normal faults which 
become younger and have increasing normal displacement towards the centre of the basin. All 
faults show distinct growth strata geometries. In the fixed block normal faults with lower dip 
angle (62°) alternate with steeply dipping faults (80°). Some of these faults converge into 
common normal faults at depth. Among all models with a purely brittle setup, model 2 was 
the only one containing conjugate normal faults inside the basin dipping with 68° towards the 
fixed block. The traces of these conjugate faults were hardly notable in the top view picture. 
The section shows further only one narrow fault zone, delimiting the basin from the moving 
block, which was active throughout the experiment. Several cross sections show growth strata 
in the central part of the basin, dipping gently towards the moving fault block. 
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3.4.3. Model 3 
 
The base plates of model 3 were cut at a lower stepover angle of 40° (Fig. 37) to 
investigate the structures evolving in a less transtensive setting. The stepover angle was the 
only parameter that was changed from model 2, while all other parameters (flat detachment, 
sediments, pre-deformational crust thickness etc.) were kept constant.  
In model 3 curved en-echelon faults propagated above both PDZs, including angles of 
about 25° with the PDZ. They formed throughout the deformation process branching from the 
tip points of the basin forming “horsetail-splays” at the non-constrained ends of the strike-slip 
faults. No interconnecting faults formed at the surface of the model.  
The initial stage of the basin differs from the models 1 and 2 by the formation of two 
mostly continuous oblique normal faults at the basin margins. Relay ramps, which are 
characteristic for the early stages of models 1 and 2, were not observed at this stage of model 
3. After 1.5 cm of plate motion, numerous normal faults evolved inside the basin. These faults 
included an angle of about 70° with the PDZ and angles of 30° with the basin margin faults.  
The cross section (Fig. 45) reveals a relatively narrow graben with normal faults at the 
side of the fixed block, with a constant dip of 68°, i.e., steeper than in model 2, and a single 
oblique-normal fault at the moving block dipping with 70° towards the fixed block. The 
occurrence of conjugate normal faults inside the basin is negligible in this model. 
 
3.4.4. Model 4 
 
Model 4 (Fig. 38), with the highest stepover angle of 60° (within a series of models 2-3-4 
that have all the same parameters, except for different step angles), was characterized by 
rather straight faults above the PDZs. Surface faults included angles of 25-30° with the PDZs. 
From 2 cm displacement on, horsetail splays formed at the tips of the basin.  
The basin developed a rather box-like than sigmoid shaped structure. The basin boundary 
faults evolved into through going faults at an early stage of the experiment (after 0.5 cm 
displacement). The few oblique normal faults, which formed inside the basin, became distinct 
only towards the end of deformation (7.5 cm). They were almost parallel to the basin walls 
(including 67° with the PDZ) and could be traced laterally over a long distance.  
The contoured formation tops of the deformed experiment in its final state (Fig. 38) show 
fault-related areas of subsidence. A single, long and continuous trough shown by the 
formation top of the syntectonic strata emplaced after 1 cm displacement contrasts from the 
geometry of the formation tops of the younger strata. The latter show two distinct depressions 
separated by a small high in the middle of the basin. The depressions correspond to distinct 
depocenters, which evolved during the development of the basin. In the cross section (Fig. 
46), basin number 4 appears as a wide graben with normal faults, altogether less inclined than 
those in the models presented before. The alternation of normal faults with different dip (57° 
and 67°, respectively) is even more obvious in the cross sections of model 4 compared to 
model 2.  
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3.4.5. Model 5 
 
In model 5 (Fig. 39) both fault blocks were moved simultaneously and with the same 
absolute displacement velocity, but in opposite directions. The model was run over a flat 
detachment with underlapping fault geometry and a step angle of 50° (comparable to model 
2). Strike-slip faults with over the PDZs converged to a narrow fault zone at PDZ 2 and 
splayed in angles of 10-17° at PDZ 1.  
Faults inside the basin started to form as en-echelon faults (after 0.5 cm of displacement), 
which connected to through-going long faults (after 1.5 cm of displacement). In the mature 
basin (after 2.5-4 cm of displacement) faults are distributed symmetrically on both sides of 
the basin. This is also shown in the cross section (Fig. 47), which includes symmetrical 
normal faults dipping in opposite directions with angles between 52 and 60°. 
As can be realized from the contoured formation tops (Fig. 39), right column), model 5 
was the only one with two pronounced depocenters that proceeded concordantly over the 
whole length of the model. These depocenters were divided by a central horst and persisted 
throughout the experiment as shown in the cross section (Fig. 47). In contrast to model 2, 
which shows a strongly asymmetric basin floor (top of pre-growth strata) dipping towards the 
moved block, model 5 is characterized by symmetrical basin floor topography. 
 
3.4.6. Model 6 
 
This model stands out from the models build before, because as a novelty, it was run over 
a detachment with an inclination of 5° (see Tab. 2, Fig. 30 and Fig. 49 for details). In that 
way, a gravitational component was introduced into the setup of model 2, producing a wedge-
like cross section of the basement.  
Already in the initial en-echelon strike-slip faults formed above the PDZs after 0.5 of 
lateral motion, a clear difference is to be seen: The shears in the thicker part of the wedge 
(PDZ 2) form prior to the ones in the thinner part (PDZ 1). After 1.5 cm of displacement the 
en-echelon strike-slip faults, which included 25° with PDZ 1, were connected by faults 
including 15° with PDZ 1. That geometry is different from PDZ 2, where initial en-echelon 
strike-slip faults formed at angles of 35° from PDZ 2 and connecting faults included 20° with 
the PDZ (all angles measured ccw from PDZs).  
The initial basin walls (0.5 cm) formed from oblique faults and further on connected to 
become through going faults. The graben defined by these faults was slightly narrower in the 
shallow part of the basin near PDZ 1 than close to PDZ 2 in the part of the basin overlying the 
deeper detachment. This is especially evident during the deformational stages between 0.5-2.5 
cm. After 6 cm of displacement the en-echelon normal faults inside the basin enclosed angles 
of 70° with the PDZs and 20° with the basin margin faults. Another observation made in that 
deformational stage of 6 cm (see Fig. 40, lowermost right picture) is, that the length of the en-
echelon faults decreases from the center of the basin towards the PDZs. This is true for 
practically all models and can be seen very clearly in model 6. The cross section (Fig. 48) 
shows a strongly asymmetric basin with numerous en-echelon faults in the fixed fault block. 
These faults are straight and dip with 55 to 60° towards the moving block. Hardly any 
conjugate faults evolved in this model. The basin fill shows growth strata in the central part of 
the basin, which are tilted and thicken towards the normal faults at the fixed block. This 
feature is exclusively found for models, which were run over inclined detachments (model 6 
to 8).  
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3.4.7. Model 7 
 
The basement topography of Model 7 with a step angle of 50° (Fig. 41) consisted of 2 
ramps (see Tab. 2) with PDZ 1 placed above the upper flat-ramp transition and PDZ 2 above 
the lower ramp-flat transition, respectively. This gave a combined system of flat areas (as in 
model 2) and inclined areas (as in model 6). The aim was to test whether the structures 
influenced by these two different detachment geometries would interfere. Similar to model 6, 
one long strike-slip faults formed at PDZ 2 after 1 cm of displacement and were connected by 
faults that were almost parallel (5°) to the PDZ (after 1.5 cm of displacement).  
Again, the graben, bordered by long normal faults, was distorted and broadened at its tip 
close to PDZ 2. The resulting basin had a wedge-shaped geometry in map view. The en-
echelon faults within the basin had an angle of 57° ccw from the PDZ. Above the lower ramp 
the faults were twisted in a way that they became arc-shaped (after 6 cm of displacement). 
Sections through this model look very much like the sections of model 8 (see discussion in 
chapter 3.4.8 and Fig. 49 for reference). 
 
3.4.8. Model 8 
 
The setup of model 8 extended that of model 7 by introducing a third ramp (see Tab. 2 
and Fig. 31 for setup details). With the three closely spaced ramp-flat systems, the impact of 
gravity-induced structures on the original basin shape became even more obvious than in 
models 6 and 7. En-echeolon strike-slip faults above PDZ 2 emerged at an angle of 33° from 
the PDZ after 1 cm of displacement. The faults were connected by faults oriented 20° ccw 
from the PDZs. Faults overlying PDZ 1 included an angle of 27° with the PDZ. After 1.5 cm 
of displacement, the strike-slip displacement of some of the en-echelon faults outside the 
basin was changed to dip-slip, successively transforming the strike-slip faults to normal faults 
dipping in opposite directions. Finally, these normal faults grew to form a small “sub-basin” 
that was isolated from the main pull-apart. That smaller basin was positioned just above the 
lowermost ramp. The 3D basin model (Fig. 34) shows that the lowermost flat-ramp-transition 
functioned as a barrier at depth and produced the separation of the sub-basin from the main 
basin. This is an issue that also becomes clear from the contoured formation tops (Fig. 42 – at 
the bottom of the right column).  
The oblique normal faults inside the basin enclosed an angle of 55° with the PDZs. 
Depending on whether the model was cut above a ramp or a flat, it looked either more alike 
the flat model 2, or more like the consistently inclined model 6. Most cross-sections however 
show growth strata, which gently dip towards the moved fault block similar to model 6. The 
basin fill is the thinner, the shallower the detachment and the deeper, the deeper the 
detachment below the basin. The deepest part of the basin therefore is located close to PDZ 2. 
A cross section in the middle part of the basin (Fig. 49) shows a relatively shallow strongly 
asymmetric basin with numerous straight normal faults above the fixed block without 
conjugate faults.  
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3.4.9. Model 9 
 
In model 9 (Fig. 43), a thin (4 mm) layer of ductile material was applied onto the basal 
detachment with a three-ramp system as described before (see Tab. 2 and Fig. 32 for setup 
details). This was done to test the significance of another factor at the detachment that could 
have influenced the present day geometry of the Vienna Basin: a material with a viscous 
rheology draping the basal detachment such as a shale horizon or thick viscous fault gouge. 
Yet the setup did not result in a basin with more likeness to the natural one, but led to a 
completely irregular basin shape.  
In model 9, splay faults oriented at high angles (75°) to the PDZs in the basement evolved 
only above the lowermost ramp-flat transition. After 2.5 cm of displacement, part of the 
deformation was accommodated by isolated fault zones nearby the PDZ 2 outside the basin.  
In contrast to all other asymmetric models, the oblique normal faults within the model 
evolved both in the moving and in the fixed block starting after 1 cm of displacement and 
propagated at a relatively high average strike of 63-70° ccw to the trace of the PDZs. These 
faults dissolved the typical rhombic geometry of the classical pull-apart. Instead – together 
with long through going normal faults with opposing dips – they bordered a basin, which was 
highly dissociated by local highs into one central and a smaller graben (Fig. 43).  
The latter is illustrated best by the cross section in Fig. 50, which also shows normal faults 
with the highest dip among all other models. Faults dip with angles between 67-80°. The fault 
dip towards the fixed block is lower than the fault dip towards the moved block. Model 9 
produced a very shallow basin with complex basin floor geometry, including several intra-
basin highs and a nearly symmetrical cross-section. In contrast to model 8 the basin was 
barely influenced by the ramp-flat topography of the detachment underneath (Fig. 34). 
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Fig. 35 Right page: Evolution of model basin no. 1 (flat detachment, 50° s/o angle, no sediments) illustrated 
with a time series of plan view photographs (left column, fault heaves colored black) and structural interpretation 
(right column). Stepover angle, basement fault geometry, position of PDZ and direction of motion (red arrow) 
are indicated in the uppermost left figure. 
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Model 1 
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Fig. 36 Right page: Evolution of model basin no. 2 (flat detachment, 50° s/o angle, sediments) illustrated with 
a time series of plan view photographs (left column, fault heaves colored black) and structural interpretation 
(right column). Stepover angle, basement fault geometry, position of PDZ and direction of motion (red arrow) 
are indicated in the uppermost left figure. The green dashed line in the left lowermost figure indicates the 
position of the corresponding cross section, shown in Fig. 44. 
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Model 2 
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Fig. 37 Right page: Evolution of model basin no. 3 (flat detachment, 40° s/o angle, sediments) illustrated with 
a time series of plan view photographs (left column, fault heaves colored black) and structural interpretation 
(right column). Stepover angle, basement fault geometry, position of PDZ and direction of motion (red arrow) 
are indicated in the uppermost left figure. The green dashed line in the left lowermost figure indicates the 
position of the corresponding cross section, shown in Fig. 45. 
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Model 3 
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Fig. 38 Right page: Evolution of model basin no. 4 (flat detachment, 60° s/o angle, sediments) illustrated with 
a time series of plan view photographs (left column) and structural interpretation (middle column, fault heaves 
colored black). Stepover angle, basement fault geometry, position of PDZ, stepover angle and direction of 
motion (red arrow) are indicated in the uppermost left figure. The right column shows the contoured formation 
tops (see scale for depths in cm) of all the respective horizons in the very left column, as they appear at the end 
of the deformation. The green dashed line in the left lowermost figure indicates the position of the corresponding 
cross section, shown in Fig. 46. 
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Model 4 
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Fig. 39 Right page: Evolution of the model basin no. 5 (symmetrical basin, flat detachment, 50° s/o angle, 
sediments) illustrated with a time series of plan view photographs (left column) and structural interpretation 
(middle column, fault heaves colored black). Stepover angle, basement fault geometry, position of PDZ, stepover 
angle and direction of motion (red arrows) are indicated in the uppermost left figure. The right column shows the 
contoured formation tops (see scale for depths in cm) of all the respective horizons in the very left column, as 
they appear after the last increment of deformation. The green dashed line in the left lowermost figure indicates 
the position of the corresponding cross section, shown in Fig. 47. 
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Model 5 
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Fig. 40 Right page: Evolution of model basin no. 6 (detachment inclined by 5°, 50° s/o angle, sediments) 
illustrated with a time series of plan view photographs (left column) and structural interpretation (right column, 
fault heaves colored black). Stepover angle, basement fault geometry, position of PDZ and direction of motion 
(red arrow) are indicated in the uppermost left figure. The green dashed line in the left lowermost figure 
indicates the position of the corresponding cross section, shown in Fig. 48. 
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Model 6 
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Fig. 41 Right page: Evolution of model basin no. 7 (2 ramps at the base, 50° s/o angle, sediments) illustrated 
with a time series of plan view photographs (left column) and structural interpretation (right column, fault heaves 
colored black). Stepover angle, basement fault geometry, position of PDZ and direction of motion (red arrow) 
are indicated in the uppermost left figure. Inflexion lines of ramps are designated at the sides of the pictures.  
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Model 7 
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Fig. 42 Right page: Evolution of model basin no. 8 (3 ramps at the base, 50° s/o angle, sediments) illustrated 
with a time series of plan view photographs (left column) and structural interpretation (middle column, fault 
heaves colored black). Stepover angle, basement fault geometry, position of PDZ and direction of motion (red 
arrow) are indicated in the uppermost left figure. Inflexion lines of ramps are designated at the sides of the 
pictures. The right column shows the contoured formation tops (see scale for depths in cm) of all the respective 
horizons in the very left column, as they appear at the end of the deformation. The green dashed line in the left 
lowermost figure indicates the position of the corresponding cross section, shown in Fig. 49. 
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Model 8 
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Fig. 43 Right page: Evolution of model basin no. 9 (ductile base with 3 ramps, 50° s/o angle, sediments) 
illustrated with a time series of plan view photographs (left column) and structural interpretation (middle 
column, fault heaves colored black). Stepover angle, basement fault geometry, position of PDZ and direction of 
motion (red arrow) are indicated in the uppermost left figure. Inflexion lines of ramps are designated at the sides 
of the pictures. The right column shows the contoured formation tops (see scale for depths in cm) of all the 
respective horizons in the very left column, as they appear at the end of the deformation. The green dashed line 
in the left lowermost figure indicates the position of the corresponding cross section, shown in Fig. 50. 
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Model 9 
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Fig. 44 Vertical cross section through the model basin no. 2 (flat detachment, 50° s/o angle, sediments) at a 
position halfway between the two PDZs and perpendicular to the basin axis. Interpreted fault traces at the right. 
 
 
  
 
Fig. 45 Vertical cross section through the model basin no. 3 (flat detachment, 40° s/o angle, sediments) at a 
position halfway between the two PDZs and perpendicular to the basin axis. Interpreted fault traces at the right. 
 
 
 
 
Fig. 46 Vertical cross section through the model basin no. 4 (flat detachment, 60° s/o angle, sediments) at a 
position halfway between the two PDZs and perpendicular to the basin axis. Interpreted fault traces at the right. 
 
 
   
 
Fig. 47 Vertical cross section through the model basin no. 5 (symmetrical basin, flat detachment, 50° s/o 
angle, sediments) at a position halfway between the two PDZs and perpendicular to the basin axis. Interpreted 
fault traces at the right. 
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Fig. 48 Vertical cross section through the model basin no. 6 (detachment inclined by 5°, 50° s/o angle, 
sediments) at a position halfway between the two PDZs and perpendicular to the basin axis. Interpreted fault 
traces at the right. 
 
 
 
 
Fig. 49 Vertical cross section through the model basin no. 8 (3 ramps at detachment, 50° s/o angle, 
sediments) at a position halfway between the two PDZs and perpendicular to the basin axis. Interpreted fault 
traces at the right. 
 
 
  
 
Fig. 50 Vertical cross section through the model basin no. 9 (ductile, 3 ramps at detachment, 50° s/o angle, 
sediments) at a position halfway between the two PDZs and perpendicular to the basin axis. Interpreted fault 
traces at the right. 
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4. Interpretation and comparison 
 
4.1. Interpretation and comparison of individual models  
 
For the first basic distinction, models can be roughly divided into two groups: Model 
setups with one moving and one fixed fault block produce asymmetrical basins with 
subsequent sets of en-echelon normal faults within the non-moving block; models with both 
fault blocks moving at the same velocity, but in opposite directions, result in symmetrical 
basins with faults distributed symmetrically on both sides of the particular basin. 
The two prominent features found in all asymmetric model basins (except the ductile 
model no. 9), are: On one hand, a non-moving fault block, highly disintegrated through a 
large number of normal faults and, on the other hand, a single, narrow fault zone at the side of 
the moved block, delimiting the sedimentary basin from the deformed pre-growth strata. 
The cross sectional fault traces of basins evolving above a flat detachment were straight. 
Growth strata adjacent to these faults were either horizontal or gently dipping towards the 
clear-cut, narrow fault zone of the block in motion. In contrast to that, for setups with inclined 
detachments, the evolution of partly listric en-echelon normal faults (viewed in section, e.g. 
Fig. 48) could be observed. The associated growth strata showed rollover and thickening at 
the normal faults and were found to dip towards the faults of the non-moving block. 
The margins of the single, asymmetric grabens forming in purely brittle setups were fixed 
to the velocity discontinuity, caused by the S-cut plastic plates at the base of the experiments. 
Regardless of the asymmetrical setup with only one base plate in motion, the basin resulting 
from an experiment with a ductile base was segmented into nearly symmetrical horsts and 
grabens. Due to the ductile material, the basin stepped out of the velocity discontinuity of the 
basal plates, with faults transported far beyond the cut within the plates. 
 
The evolution of relay ramps between en-echelon normal faults within the fixed blocks of 
asymmetric basins (see chapter 3.4) can be interpreted as an effect of the decreasing 
displacement along the faults. The dip-slip displacement diminishes towards the fault tips. 
Neighboring faults terminate within the area of fault overlap, resulting in the formation of 
relay ramps. 
All asymmetric models show that the first sets of en-echelon normal faults within the 
fixed block form at the very margin of the basin. New sets of en-echelon normal faults evolve 
towards the direction of movement, while the activity of the older ones decreases until they 
are fully abandoned. All new sets of faults are pinned to the edge of the plastic base plate in 
motion. The abandoned faults are buried by the basin infill in subsequent stages of the basin 
evolution.  
The successive progression of these faults from the basin border towards the direction of 
movement can be explained in a sense that the base plate in motion is acting as a “velocity 
discontinuity”: It transfers inertial and frictional forces to the overlying material and 
disintegrates the sand pack as it slides off it during the deformation.  
The pull-apart model for the Vienna Basin by Royden (see pull-apart scheme in chapter 
1.2, Fig. 14) also deals with the decreasing displacement on faults at different positions in the 
basin. The author states that “Displacement on northeast-striking left-slip faults decreases 
along the faults within the basin, so that near the ends of the faults there is little strike-slip 
component. Within the basin, the faults have both strike-slip and normal-slip components of 
displacement. Where the fault segments strike roughly north-south in the basin, displacement 
is predominantly normal slip. Extension is approximately parallel to the strike-slip faults.” 
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(from Royden, 1985; see also Fig. 51). To a certain degree, this model explains the decreasing 
length of the en-echelon normal faults (from the center of the basin towards the PDZs) 
presented in this work (see e.g. description of model 6 in chapter 3.4.6). 
 
 
 
Fig. 51 Simplified pull-apart interpretation of the Vienna Basin (from Royden, 1985) 
 
When model 1 and 2 are compared, it appears that the presence of syntectonic sediments 
does have an influence on the angle between the en-echelon normal faults within the basin 
and the PDZs: In the purely tectonic model 1, that angle is higher (65°) than in the 
“sedimentary” basin of model 2 (54°).  
The comparison of models 3, 2 and 4 shows no simple correlation between the stepover 
angle and the orientation of en-echelon normal faults within the basin. The variation of the 
stepover angles from 40 to 50 to 60° led to oblique normal faults striking at angles of 70°, 54° 
and 67° with respect to the PDZs, respectively (Tab 3). The dip angles of the en-echelon 
faults above the fixed block measured in sections perpendicular to the basin borders become 
lower (68°, 62°, 57°; see Tab 3) with increasing stepover angle (40°, 50°, 60°). Another 
observation that has been made when comparing models 3, 2 and 4 is that with increasing 
stepover angle the number of en echelon normal faults decreases, while their length increases 
(Fig. 52). This could be explained by an increasing pure shear and a decreasing simple shear 
component as the angle gets closer to the maximum value of 90°, which would represent 
coaxial deformation and would be expressed in N-S striking normal faults developing 
perfectly parallel to the basin border (“extensional rift”).  
The fault strike does not only differ from one model to the other. The angle between the 
PDZs and the en-echelon normal faults increases towards the central part and decreases 
towards the tips of the basin, i.e. towards the strike-slip faults of the PDZs, for each 
experiment.  
Faults also show an increase of the normal slip component along strike the basin border: 
The highest vertical displacement values are found in the central part and lower ones towards 
the strike-slip faults of the PDZs. Again, this corresponds perfectly to Royden´s tectonic 
model (Fig. 51): “Within the basin, the faults have both strike-slip and normal slip 
components of displacement. Where the faults segments strike roughly north-south in the 
basin, displacement is predominantly normal slip. Extension is approximately parallel to the 
strike slip faults.” 
The faults above the “southern” PDZ 2 and the “northern” PDZ 1 of the model basins 3 
(40° stepover, Fig. 37) and 2 (50° stepover, Fig. 36) are more or less constricted to a narrow 
area forming flower structures (Fig. 52). However, at the margins of model 4 (60° stepover), 
they scatter into “horsetail-splays”. These features are interpreted as another effect caused by 
the high pure shear component in this model setup. 
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Fig. 52 Sketch drawing of model 3 (40° s/o angle), 2 (50° s/o angle) and 4 (60° s/o angle) 
 
The effect of strain partitioning, which is responsible for the different structures 
mentioned above, was also described in the paper by Wu et al., 2009. In that work, a “pure 
strike-slip” pull-apart model and a transtensional model are compared with each other, as well 
as with the Vienna Basin and other natural prototypes. Different than in this present work, the 
transtension is not introduced by varying the stepover angle, but by placing the PDZs at an 
angle of 5° to the principal direction of strike-slip motion (see chapter 1.1.3, Fig. 11). 
 
 
 
 
Fig. 53 Interpretation of model 6 (left, inclined detachment) after 1.5 cm of displacement and model 8 (right, 3 
ramps at the base) after 1 cm of displacement. 
 
It can be generalized, that in all models deforming either over an inclined detachment or a 
ramp-flat system (6-9), the strike and the shape of the en-echelon strike-slip faults above the 
PDZs are altered or distorted by the effect of gravity, resulting in distinct splay fault 
geometries above PDZ 1 and PDZ 2. The en-echelon strike-slip faults above the “southern” 
PDZ 2, especially in the models 6 and 8 (Fig. 53), include higher angles with the PDZ than 
the faults above the “northern” PDZ 1. Those angles are also higher than in the reference 
models 1 or 2 (see Tab 3). Obviously, the slight rotation of fault strikes is due to the 
perturbation strain introduced by the inclined detachments. In other words: In contrast to 
models run over a flat detachment, where the gravitational force is acting normally on the 
model surface, that force is split into a normal component and a shear component parallel to 
the inclined detachment in models 6-9. 
In section, the fault traces of basins evolving above a flat detachment were straight (Fig. 
44 to Fig. 47), whereas an inclined detachment, as in model 6, led to partly listric normal 
faults showing rollover and thickening of growth strata towards the fault (Fig. 48). This effect 
also occurred above the – highly inclined – ramps at the base of model 8. Yet no quantitative 
statement can be made for the relation between ramp height and formation of growth strata, 
because only few representative experiments were run, and not a whole series. However, the 
aim of the work was not to obtain numbers about ramp systems, but to get a deeper insight 
through investigating end members of those systems and depicting them in a qualitative way. 
Experiments run for basal detachments stepping over several ramps show that large faults 
were rooted in ramp-flat-transitions, and depocenters developed preferably above these 
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transitions. The higher the ramp, the deeper the depocenter was (e.g. Fig. 42). A reason for 
this could be the detachment stepping down to greater depth providing more accommodation 
space for basin subsidence and sediment accumulation.  
As the contoured formation tops of experiments in their final state of deformation (Fig. 
38, Fig. 39 and Fig. 42, see contoured depths in right column) illustrate, areas of subsidence 
(depocenters) are not only related to ramps, but are also fault-related.  
In the symmetric basin of model 5, where both fault blocks (Fig. 47) are moving at the 
same velocity, but in opposite directions, the faults are distributed symmetrically on both 
sides of the basin. Further, model 5 was the only one with two elongate and concordant 
depocenters (Fig. 47, right column). The symmetrical structures can be deduced from the 
equal distribution of strain on both sides of such a system, with the reference pinned between 
the two blocks. As the only purely brittle model that has symmetrical normal faults on both 
fault blocks, model 5 has also a horst-and-graben structure in the cross section – these two 
characteristics are only found in one other model: model 9.  
The ductile layer at the base of model 9 led to segmentation into a horst-graben-system, 
too, although only one base plate was moved. The ductile detachment was obviously a 
limiting factor for basin depth (basin no. 9 was the most shallow and flat one (Fig. 43). It was 
almost perfectly symmetrical in the cross section (Fig. 50, also compare with model 5, Fig. 
47), with very steep fault traces. A possible implication is that, considering only these 
structures without background information on the setup (e.g. in a natural basin), one could be 
misled to presume a purely extensional setting, with hardly any evidence for strike-slip 
movement. The ductile base accommodates a large part of the deformation, which is reflected 
in all the characteristics just mentioned, and in that way it makes the great difference between 
this model and the rest of the experiments. 
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4.2. Comparison of modelled structures with the natural 
example 
 
The most conspicuous features observed on the comparison between the natural basin and 
the model results refer to the basin asymmetry found in models with both a single moving 
block and inclined detachments. The resulting model basins show numerous normal faults 
above the fixed block and a single broad fault zone delimiting the basin from the moved 
block. This mimics the situation in the natural basin with a NW block fixed to the 
autochthonous units of the European margin, and a moving SE block, which extruded towards 
the NE (see chapter 1.2).   
In the models, a large number of faults occur at the side of the non-moving block, where it 
leads to disintegration of the basin (Fig. 54; see chapter 3.4 and chapter 4.1). On the other 
hand, a narrow, well-defined fault zone is found in the moving fault block, delimiting that 
block from the rest of the basin (Fig. 55).  
 
           
 
Fig. 54 Disintegration of fixed fault block through faults in analogue model 2 (left - red box) and Vienna Basin 
(right - red box; from Beidinger et al. 2009b) 
 
 
 
Fig. 55 Narrow fault zone in model basins (left) and in nature (right), represented by the Lassee flower structure 
(seismic section provided by OMV, structural interpretation from Beidinger, 2009a). 
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In the natural example, several small, asymmetric basins, such as the Korneuburg, 
Kleinhadersdorf and Stützenhofen Basin, are situated above an area of widely spaced, listric 
normal faults at the north-western margin of the main basin. The basins are located at large 
en-echelon faults, such as the Schliefberg fault in the case of the Korneuburg basin (see Fig. 
54 and Fig. 56). The described structures are found adjacent to the Bohemian Massif, in the 
north-western fault block, which is the assumed fixed block of the real basin. At the side of 
the moving, south eastern fault block in the natural laboratory, only few and narrow fault 
zones with a large offset, such as the Lassee fault (Fig. 55; see also Beidinger, 2009a and 
Beidinger et al., in press) are found at the basin margin. 
 
 
 
Fig. 56 Small basins on top of the non-moving, north western fault block of the Vienna Basin fault system: 
structural position of the Korneuburg, Kleinhadersdorf and Stützenhofen Basin (structural 3D model based on 
map by Kröll and Wessely, 1993). 
 
The contoured horizon depths of the deformed experiments show that areas of subsidence 
are fault controlled and that depocenters evolve adjacent to large normal faults – an issue that 
can be observed in subcrop data of natural sedimentary basins as the Vienna Basin (Fig. 57). 
Both the symmetric model basin and the Vienna Basin, which is also not perfectly 
asymmetric, conform in a sense that they have “depocenters” developing at within-basin 
normal faults (blue areas in Fig. 57), as well as structural highs (yellow areas in Fig. 57). 
These are typical features of thin skinned sedimentary basins, triggered by the pull-apart 
mechanism.  
 
 
 
Fig. 57 Paralleling of structures in the top basement horizon of the Vienna Basin (left, structural 3D model based 
on map by Kröll and Wessely, 1993) and model 5 (right, set as an example) 
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In the asymmetric 3-ramp-model depocenters develop preferably above the lower ramp-
flat-transitions, and the general basin shape follows the detachment topography, which is 
clearly seen in the contoured 3D models of the Vienna Basin and model 8 (Fig. 58 and Fig. 
59). 
 
   
 
Fig. 58 Comparison between (blue) depocenters in model 8 (left - white lines designate ramps) and in Vienna 
Basin (right, rotated cw by 45° - blue lines designate idealized traces of ramps; structural 3D model based on 
map by Kröll and Wessely, 1993). 
 
     
 
Fig. 59 Comparison between the basin floors of model 8 (left) and of the Vienna Basin (right; structural 3D 
model based on map by Kröll and Wessely, 1993), both positioned above basal ramps. 
 
 
Model 8 developed another conspicuous feature that is comparable to nature: The 
segmentation of the basin above the lowermost ramp (chapter 3.4.8). That feature compares 
well to the situation of the Wiener Neustadt sub-basin in the southern part of the Vienna 
Basin, which is also separated from the main basin (Fig. 60). The evolution of that isolated 
depocenter may therefore be related to certain specifics of the basal detachment topography, 
such as a ramp within detachment below the Wiener Neustadt basin. 
 
 
 
Fig. 60 Comparison between the “sub-basin” in model 8 (right) and the natural Wiener Neustadt sub-basin (left; 
structural map of the Vienna Basin floor by Kröll and Wessely, 1993). 
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Further, model 6 seems to be very close to the natural Vienna Basin, because:  
 
• The strike of the modelled strike-slip faults at the lower basin edge (35°, ccw from PDZ, 
Tab 3) are very similar to the strike-slip faults at the southern edge of the Vienna Basin 
(30-35°, measured ccw from the Vienna Basin Transfer Fault, see chapter 1.2). 
• The shape and strike of the oblique normal faults inside the modelled basin (70° ccw from 
PDZ, see chapter 3.4.6 and Tab 3) are very similar to the normal faults at the southern 
border of the Vienna Basin. For example, the Leopoldsdorf fault – which actually may be 
made up of two oblique normal faults, connected by a breached former relay ramp – has a 
strike of 67-70°, measured ccw from the Vienna Basin Transfer Fault (see chapter 1.2). 
• The dips of the modelled normal fault traces (55°, Tab 3) are very similar to the dips of 
large normal faults, such as the Steinberg- or the Schrattenberg fault, in the Vienna Basin 
(55-60°, measured ccw from a horizontal plane in Attachment 3). 
 
 
Yet in contrast to all other models, the model 9 with a ductile base is characterised by  
very shallow basin depth because of a high accommodation of deformation by the viscous 
silicon putty, (Fig. 61) and structures that are irregular and have hardly any resemblance to 
the (rhombic) shape of the natural basin (Fig. 62); therefore it seems highly probable, that 
there is no significant ductile layer at the base of the sedimentary basin of Vienna. 
 
          
 
Fig. 61 Comparison between 3-ramp models: The brittle model 8 (left) vs. the ductile model 9 (right) with a 
basal PDMS-layer acting as a limiting factor to basin depth. 
 
 
 
 
 
Fig. 62 Sketch drawing of brittle model 2 (left) and ductile model 9 (right) with identical stepover angle of 50°. 
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The formation of the so called “relay ramps” between areas of dip-slip faulting could be 
observed in the natural Vienna Basin, as well as in practically all analogue experiments (Fig. 
35 to 43). Early and late phase relay ramps and oblique normal faults, as well as the adjacent 
areas of subsidence neither do coincide completely in the Vienna Basin (see relay faults in the 
Sarmatian and Pannonian horizon, (Fig. 63), nor in the models (see depocenters in different 
contoured depth horizons Fig. 38, 39, 42 and 43). 
 
 
 
Fig. 63 Contrasting of relay ramps in model (left) and nature (right, from Wessely, 2006), location indicated in 
structural map of Vienna Basin by Kröll and Wessely, 1993. 
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5. Conclusion 
 
The stepover angle, the influence of gravitation in an inclined detachment or in 
detachments with ramp-flat geometry, and the strain accommodation by a viscous silicone 
layer can be summarized as factors controlling the characteristics of the modelled pull-apart 
basins.  
An experiment run over a slightly inclined detachment (model 6) is similar to the natural 
Vienna Basin in terms of values for the strike of the en-echelon strike-slip faults evolving 
above the principal displacement zones and in terms of values for the strike, the dip and the 
shape of the oblique normal faults inside the basin. 
On the other hand, it can be inferred from 3D horizon surfaces, that a model with a brittle 
and ramp-shaped detachment has many similarities with the natural example, too: Oblique-
normal faults within the non-moving fault block; a highly damaged, but narrow fault zone in 
the moving fault block; depocenters preferably developing above ramp-flat-transitions; a 
general basin shape following the detachment topography and segmentation of the basin 
above the lowermost ramp. The separation of the basin in a main depositional area and a sub-
depocenter in particular compares well with the natural feature of the Wiener Neustadt sub-
basin. 
A model with a ductile detachment over three ramps resulted in a highly disintegrated 
basin, which has symmetrical normal faults on both fault blocks, is hardly influenced by the 
basal ramps, and stays very shallow throughout its evolution. Also, no rhombic pull-apart 
geometry – as in the real Vienna Basin – is developed. Therefore this setup was found 
unsuitable for describing the basin, and the assumption of a ductile horizon at the basal 
detachment below the Vienna Basin is not supported by the results. 
Taking into account all the mentioned aspects, the natural sedimentary basin can be 
categorized as a structure that was influenced and molded by the specific stepover angle 
between the two controlling strike-slip faults; by gravitational forces resulting from a 
generally inclined basal detachment; complex detachment topography and a non-ductile base. 
The Vienna Basin is best modelled by a setup accounting for these boundary conditions, plus 
synkinematic sedimentation and two left-lateral strike-slip faults, acting between a fixed and a 
moving block. 
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8. Attachments 
 
8.1. Vienna Basin Stratigraphy 
 
 
 
Attachment 1 Stratigraphic overview of the Vienna Basin fill and the structural evolution phases of the basin 
(from Beidinger et al., 2009). Time axis not to scale.  
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8.2. Geological cross sections through the Vienna Basin 
 
 
 
Attachment 2 Positions of geological sections A, B, 1, 2, 3, 4, 5 through the Vienna Basin (from Wessely, 2006) 
 
 
 
Attachment 3 Vienna Basin - section A (from Wessely, 2006) 
 
 
Attachment 4 Vienna Basin - section 1 (from Wessely, 2006) 
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Attachment 5 Vienna Basin - section B (from Wessely, 2006) 
 
 
Attachment 6 Vienna Basin - section 2 (from Wessely, 2006) 
 
 
Attachment 7 Vienna Basin - section 3 (from Wessely, 2006) 
 
 
Attachment 8 Vienna Basin - section 4 (from Wessely, 2006) 
 
Attachment 9 Vienna Basin - section 5 (from Wessely, 2006) 
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Attachment 10 Positions of sections D and E through the Slovakian part of the Vienna Basin 
(from Picha et al. 2006) 
 
 
 
Attachment 11 Section D through the Slovakian part of the Vienna Basin (from Picha et al. 2006) 
 
 
Attachment 12 Section E through the Slovakian part of the Vienna Basin (from Picha et al. 2006) 
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8.3. Well coordinates  
 
The geographical coordinates of wells and localities (Attachment 13), used for geo-
referencing of sections in this work, refer to the Local Austrian datum and OMV’s coordinate 
system with the following specifications: 
 
Datum:   MGI Hermannskogel 
Ellipsoid:   Bessel 1841 
Projection:   Gauss-Krüger-Projection 
 
BMN-OMV corresponding to Bundesmeldenetz M31 and M34 of the Austrian Map 1: 50.000 
 
False Easting:   500.000   
False Northing:  0  
 
The conversion BMN ? OMV is done as follows: 
False Easting:   - 250.000 
False Northing:  + 5.000.000 
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Attachment 13 List of well coordinates used for geo-referencing of sections 
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9. Abstract 
 
Former analogue modelling on pull-apart basins dealt with different sidestep geometries, the 
symmetry and ratio between velocities of moving blocks, the ratio between ductile base and model 
thickness, the ratio between fault stepover and model thickness and their influence on basin evolution. 
In all these models the pull-apart basin was deformed over a flat detachment.  
The Vienna Basin however is considered a classical thin-skinned pull-apart with a rather peculiar 
basement structure. Deformation and basin evolution are believed to be limited to the brittle upper 
crust above the Alpine-Carpathian floor thrust. The latter is not a planar detachment surface, but has a 
ramp-shaped topography draping the underlying, former passive continental margin. In order to 
estimate the effects of this special geometry, nine experiments were accomplished and the resulting 
structures were compared with the Vienna basin. The key parameters for the models (fault and basin 
geometry, detachment depth and topography) were inferred from a 3D Gocad model of the natural 
Vienna basin, which was compiled from seismic, wells and geological cross sections. The experiments 
were scaled 1:100.000 and built of quartz sand (300 µm grain size). An average depth of 6 km (6 cm) 
was calculated for the basal detachment; distances between the bounding strike-slip faults of 40 km 
(40 cm) and an overall present length of the natural basin of 200 km were estimated. The following 
parameters were changed through the experimental process: (1) syntectonic sedimentation; (2) the 
stepover angle between bounding strike slip faults and basal velocity discontinuity; (3) moving of one 
or both fault blocks (producing an asymmetrical or symmetrical basin); (4) inclination of the basal 
detachment surface by 5°; (6) installation of 2- and 3-ramp systems at the detachment; (7) simulation 
of a ductile detachment through a 0.4 cm thick PDMS layer at the basin floor. The surface of the 
model was photographed after each deformation increment through the experiment. Pictures of serial 
cross sections, cut every 4 cm through the models in their final state, were also taken and interpreted.  
The formation of en-echelon normal faults with relay ramps was observed in all models. These 
faults were arranged in an acute angle to the basin margin, according to a Riedel-geometry. In the case 
of an asymmetric basin they emerged within the non-moving fault block. Substantial differences 
between the models were the number, the distance and the angle of these Riedel faults, the length of 
the bounding strike-slip faults and the cross basin symmetry. A flat detachment produced straight fault 
traces, whereas inclined detachments (or inclined ramps) led to listric normal faults, rollover and 
growth strata thickening towards the faults. The marginal faults of the basin coincided with the basal 
velocity discontinuity only in the brittle models. Positions and sizes of depocenters also varied, with 
depocenters preferably developing above ramp-flat-transitions. Depocenter depths increased with 
ramp heights.  
A similar relation apparently exists in the natural Vienna basin, which shows ramp-like structures 
in the detachment, right underneath large faults like the Steinberg normal fault and the associated 
depocenters. The 3-ramp-model also reveals segmentation of the basin above the lowermost ramp. The 
evolving structure is comparable to the Wiener Neustadt sub-basin in the southern part of the Vienna 
basin, which is underlain by a topographical high in the detachment. Cross sections through the ductile 
model show a strong disintegration into a horst-and-graben basin. The thin silicon putty base 
influenced the overlying strata in a way that the basin – unlike the fully brittle sand models – became 
very flat and shallow. The top view shows an irregular basin shape and no rhombic geometry, which 
characterizes the Vienna basin. The ductile base also led to a symmetrical distribution of deformation 
on both fault blocks, although only one fault block was moved.  
The stepover angle, the influence of gravitation in a ramp or inclined system and the strain 
accommodation by a viscous silicone layer can be summarized as factors controlling the 
characteristics of the models. Therefore in sum, the Vienna Basin is best modelled by a setup 
accounting for an inclined, topographically complex basal detachment and two left-lateral strike-slip 
faults acting between a fixed and a moving block. 
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10. Zusammenfassung 
 
Bisher durchgeführte Analogmodelle von pull-apart Becken haben Erkenntnisse über die Rolle 
des Verhältnisses zwischen dem Störungs-stepover und der Dicke des Analogmodells, des 
Verhältnisses des duktilen Abscherhorizontes zur Kruste, sowie verschiedener sidestep-Geometrien 
auf die Beckenentwicklung gebracht. In all diesen Modellen wurde das jeweilige pull-apart jedoch 
über einem ebenen, horizontalen detachment deformiert.  
Das Wiener Becken gilt als klassisches dünnhäutiges pull-apart, in dem sich Deformation und 
Beckenbildung auf die spröde obere Kruste über der Alpin-Karpatischen Basisüberschiebung 
beschränken. Diese bildet jedoch keinen ebenen Abscherhorizont. Um die Auswirkungen dieser 
speziellen geometrischen Rahmenbedingungen einzuschätzen, wurden 9 Experimente durchgeführt 
und die entstehenden Strukturen mit dem Wiener Becken verglichen. Die wesentlichen 
Modellparameter (Störungs- und Beckengeometrie, Tiefenlage und Topographie des basalen 
Abscherhorizonts) wurden aus einem 3D-Gocad Modell des Wiener Beckens entnommen, das von 
Seismik, Bohrungsdaten und geologischen Profilen kompiliert wurde. Die Experimente wurden im 
Maßstab 1: 100.000 mit Quarzsand (Korngröße: 300 µm) durchgeführt. Den Modellen liegen eine 
durchschnittliche Tiefe des Abscherhorizontes von 6 km, Abstände zwischen den 
Seitenverschiebungen von 40 km und eine Gesamtlänge des Beckens von etwa 200 km zu Grunde. Pro 
Experiment wurde jeweils einer der folgenden Parameter verändert: (1) Hinzufügen von 
syntektonischen Sedimenten; (2) Änderung des Winkels zwischen den geraden und den schrägen 
Basalstörungen des Beckens (stepover angle); (3) Bewegung eines Störungsblocks (asymmetrisches 
Becken) und beider Störungsblöcke (symmetrisches Becken); (4) Neigung des basalen 
Abscherhorizontes um 5°; (6) Einbau eines 2-Rampen bzw. eines 3-Rampen-Systems am 
Abscherhorizont; (7) Simulation eines duktilen Abscherhorizontes durch Anbringen einer 0,4 cm 
dicken PDMS-Schicht an der Basis. Die Oberfläche des Modells, die sich mit fortschreitender 
Verformung ändert, wurde nach jedem Inkrement fotografiert. Ebenso wurden Querschnitte durch das 
Modell in seinem endgültigen Zustand, im Abstand von 4 cm, digital abgelichtet interpretiert. An allen 
Modellen wurde die Bildung von en echelon angeordneten, schrägen Abschiebungen mit relay ramps 
beobachtet. Die Störungen bildeten sich, ähnlich wie Riedel-Scherflächen, in einem spitzen Winkel 
zum Beckenrand. Im Falle des asymmetrischen Beckens entstanden sie im unbewegten Störungsblock. 
Wesentliche Unterschiede zwischen den Modellen waren Anzahl, Abstand und Winkel der 
Riedelflächen zum Beckenrand, die Länge der Seitenverschiebungen und die Symmetrie des Beckens 
im Querschnitt. Ein flaches detachment erzeugte gerade Störungsquerschnitte, ein geneigtes 
detachment oder Rampen hingegen führten zu listrischen Abschiebungen, rollover von 
Hangendblöcken und Bildung von growth strata entlang der Störungsflächen. Auch Lage und Größe 
von depocenters, sowie das Zusammenfallen der Beckenränder mit der basalen 
Geschwindigkeitsdiskontinuität variierten. Ähnlich erscheint auch die Situation im natürlichen Wiener 
Becken, wo gerade unterhalb großer Störungen (wie z.B. dem Steinbergbruch) und den damit 
zusammen hängenden depocenters rampenähnliche Strukturen im basalen Abscherhorizont vorhanden 
sind. Im 3-Rampen-Modell war das Becken oberhalb der untersten Rampe segmentiert. Diese Struktur 
ist mit dem Wiener Neustädter Sub-Becken im Süden des Wiener Beckens vergleichbar, unter dem 
sich eine Erhebung in der Topographie der Beckenbasis befindet. Profilschnitte durch das duktile 
Modell zeigen eine starke Zergliederung in ein Horst-und-Graben Becken. Die dünne Silikonschicht 
an der Basis beeinflusste die darüber liegenden Sandschichten, sodass das Becken – anders als in den 
spröd deformierenden Modellen – sehr flach und seicht wurde. Aus der Vogelperspektive erschien 
dieses Modellbecken sehr unregelmäßig, und es fehlt die, für das Wiener Becken typische, rhombische 
Kontur. Die duktile Basis führte ebenfalls zu einer symmetrischen Verteilung der Deformation in 
beiden Störungsblöcken – obwohl nur ein Block in Bewegung war.  
Als Schlüsselfaktoren wurden der stepover angle, der Einfluss der Gravitation bei geneigter Basis, 
bzw. die Aufnahme eines großen Teils der Deformation durch das Silikon identifiziert. Demnach ist 
zusammenzufassen, dass das Wiener Becken am besten durch eine Versuchsanordnung zu modellieren 
ist, die ein geneigtes detachment von komplexer Topographie, sowie zweier linkslateraler Störungen 
zwischen einem bewegten und einem fixen Störungsblock gerecht wird. 
 79
11. Maria Hoprich - curriculum vitae 
 
 
ADRESS  
Lorettostraße 34, A-2485 Wimpassing/L. 
Cell: 0043 (0)676/ 6602971 
E-Mail: maria-hoprich@gmx.at  
 
DATE AND PLACE OF BIRTH  
01-09-1982, Varna (Bulgaria) 
 
EDUCATION – ATTENDED SCHOOLS   
1989-1991 Elementary school in Varna (Bulgaria) 
1991-1993  Primary school in Wimpassing (Austria) 
1993-2001  High school in Eisenstadt (Austria) and graduation there from in June 2001 
 
EDUCATION – UNIVERSITY 
2001-2002 Study of Technical Physics at the Technical University of Vienna 
2003  Study of Earth Science at the University of Vienna  
2007  Bachelor degree in Geology 
2007-2008 Student tutor for stratigraphy and seismic interpretation 
 
RESEARCH ACTIVITY AND CONFERENCE PARTICIPATION 
2008  Research for the present Master project (Analogue modelling of the Vienna 
Basin) at the Tectonic Laboratory (TecLab) of the Vrije Universiteit 
Amsterdam (The Netherlands) 
 
2008  Participation in the PANGEO conference in Vienna:  
M. Hoprich et al. 2008: Impact of an inclined detachment on pull-apart 
basin formation: An analogue modelling approach and comparison with 
the Vienna Basin. (PANGEO conference talk) 
 
2009  Participation in the EGU conference in Vienna: 
M. Hoprich, K. Decker, B. Grasemann, D. Sokoutis, and E. Willingshofer: 
Impact of different detachment topographies on pull-apart basin evolution 
-analog modelling and computer visualization. EGU Geophysical 
Research Abstracts 11, 2009. (EGU conference poster presentation) 
 
PROFESSIONAL EXPERIENCE 
2007  Summer internship at the RAG oil company (Rohoel-AG, Vienna, Austria) 
 
2008  Summer internship at the RAG oil company (Rohoel-AG, Vienna, Austria)  
 
2008-2009 Employee of the Vienna University in the framework of the OMV KARPTEC  
(Karpatian Tectonics) project  
 
